Summary. Arterial ultrastructure was examined in twelve untreated streptozotocin-diabetic rats. Five showed severe changes in muscular (coronary, tibial, pulmonary) arteries two months after induction of diabetes. The basement membrane of smooth muscle cells was patchily thickened in these arteries. No similar changes were seen in muscular arteries of the other seven diabetic rats or in 10 control rats. No lesions were found in elastic arteries (aorta, main pulmonary artery) of any diabetic or control animals. Plasma non-esterified fatty acids, total ketone bodies, and glucose levels were higher in the diabetic rats with arterial changes (p <0.01) than in the diabetic animals without such changes. The molar ratio of non-esterified fatty acid to albumin in plasma ranged between 2.3-3.3 in the diabetic rats with arterial lesions, 1.4-1.8 in those without such features, and 0.6-1.1 in the controls. The excess of nonesterified fatty acid in plasma during insulin deficiency could be an important factor in the initiation of arterial changes in this model of experimental diabetes.
The initial changes in the early stages of diabetes are of a biochemical nature, involving carbohydrate, lipid and protein metabolism [1] . These become manifest as structural abnormalities, mainly vascular, later in the course of the disease.
The morphology of vascular disease in diabetes depends on the size of the vessels. Capillaries and arterioles develop so-called microangiopathy changes in man [2] and rat ]3], whereas atherosclerosis-like lesions or macroangiopathy are seen in larger vessels, especially in medium-sized or muscular arteries [4] . On the other hand, it has been suggested that no significant difference is found in the severity of "atherosclerosis" between diabetics and non-diabetics, if other risk factors as hypertension and high serum lipid levels [5, 6] are taken into account. On the whole, the reasons for vascular complications in the diabetic state are still not clear.
Recently we found triglyceride deposits in medial smooth muscle cells of muscular arteries in shortterm diabetic rats [7, 8] . The aim of this study was to examine the ultrastructure of muscular and elastic arteries in longer-term untreated diabetic rats paying special attention to possible atherosclerosis-like features.
Materials and Methods

Animals and Model of Diabetes
Diabetes was induced in 35 male Sprague-Dawley rats weighing 280-360 g by means of an intracardiac injection [9] of streptozotocin in a dose of 65 mg/kg of body weight (Upjohn & Co., lot 1614E MCM 3), 3 g/100 ml in a solution freshly prepared in 0.1 tool/1 citrate buffer, pH 4.5, administered while the rat was under pentobarbitone anaesthesia. Ten rats of the same strain, used as control animals, received an equal volume of buffer solution intracardially. The animals were fed ad libitum on a normal chow containing 53% carbohydrate, 21% protein, 5% fat, 4% fibre and the usual vitamins and minerals (Hankkija Ltd., Turku, Finland). No insulin treatment was given.
The rats were weighed at the start of the experiment, four days after the injection of streptozotocin, and just before killing, plasma glucose level being determined and any occurrence of glucosuria (Clinitest) and ketonuria (Ketostix) being checked at the same time. The animals were killed by decapitation 62-66 days after the induction of diabetes.
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Treatment and Chemical Analyses of Blood Specimens
Non-fasting blood samples were drawn from the retro-orbital venous plexus through a capillary tube and collected in ice cold EDTA tubes (final concentration EDTA, 21.7 umol/1). The specimens were then cooled to 4 ~ and the cells removed by centrifugation within 2 h. The plasma specimens were stored at -20 ~ until analysed for plasma glucose [10] , non-esterified fatty acids (NEFA) [11] , total ketone bodies [12] (mainly 3-hydroxybutyrate by this method), triglycerides [13] , total cholesterol [14] and phospholipids [15] . The coefficient of variation for the triglyceride assay was 5.3%, NEFA 2.0%, total cholesterol 4.5% and for phospholipids 3.0%. Plasma insulin was determined by radioimmunoassay (Phadebas Insulin Test, Pharmacia Diagnostics) with a standard preparation of lyophilised porcine insulin calibrated against the WHO insulin standard (WHO International Laboratory for Biological Standards). The detection limit of this assay is 3.0 mU/1. Plasma albumin was measured by Albustrate (General Diagnostics, Morris Plains, New Jersey 07950, U.S.A.). All determinations were made in duplicate. The time between freezing and analysis for plasma specimens was 2 weeks.
Handling of Tissue Specimens for Electron Microscopy
Immediately after decapitation two 2 ram-long segments of the anterior tibiat artery were taken for electron microscope study. The thorax was then rapidly opened, the heart and lungs removed, and 2 mm-long segments were taken from the left descending proximal coronary artery, the pulmonary artery 5 mm distal to the hilus, the ascending arch of the aorta and the main pulmonary artery. All arterial samples were taken blindly. The segments were then cut 1 mm • 1 mm [16] , fixed for i h in 3% glutaraldehyde in 0.1 mol/1 sodium cacodylate buffer and washed for l h in the same buffer. After washing they were reduced to 0.5 mm X 0.5 mm, and postfixed for 2 h in 2% OsO 4 in the same buffer. All the steps described above were performed below 4 ~ The specimens were subsequently dehydrated in graded acetone (one change of 70% acetone in water, one of 95% and two of 100% at below 4 ~ within 5 min, and then one change of 100% acetone at 24 ~ within 5 rain), and infiltrated with a complete Epon mixture at 24 ~ (50% Epon in acetone for 30 min, 67% Epon in acetone for i h and 100% Epon overnight). These blocks were cured at 45 ~ for 1 day and at 65 ~ for 2 days [17] . Two 1 um-thick sections for light microscopy were cut from the five blocks of each artery using an LKB Ultratome III and stained with toluidine blue. Two thin sections from the same five blocks were stained with uranyl acetate and lead citrate [18] for the ultrastructural study, which was performed with a transmission electron microscope JEM 100B (Japan Electron Optics Laboratory, Japan). The statistical significance of the differences between the plasma variables in various groups was calculated using the MannWhitney U-test. The regression analyses were by the method of least squares [19] . The molar ratio of NEFA to albumin in plasma was calculated using the molecular weight of albumin as 67,000 [20] .
Results
Course of Diabetes in the Rats
Four days after the induction of diabetes 4 out of 35 animals had died, and the remainder had suffered a loss in body weight of 9.5 to 18.3%, had glucosuria of 3 to 5% by Clinitest and ketonuria from moderate (+ +) to strongly positive (+ + +) by Ketostix. The plasma glucose of the non-fasting diabetic rats (309mg/100ml, range 289-335) was about three times that of the control animals (96mg/100ml, range 88-105), Mortality continued to be high among the diabetic rats, which did not receive insulin treatment, only 12 out of 35 being alive after 2 months. These animals showed significantly higher levels of plasma glucose, total ketone bodies and lipids, and lower insulin levels than did the control animals (Table 1) , although a very broad range of values was found in the diabetic animals. No significant differences were found between the plasma albumin levels in the diabetic (31.5 g/l, range 29.1-34.2) and control rats (32.0 g/l, range 29.6-33.8).
The weight of the diabetic rats at the beginning of the study varied from 280 g to 360 g, and after two months from 238 g to 295 g. Glucosuria of the diabetic group after two months was from 1 to 3% by Clinitest, with a weak (+) or moderate (+ +) ketonuria by Ketostix. The control animals had gained weight (110-116 g) during the experiment.
Ultrastructure of the Arterial Wall in Long-term Experimental Diabetes
Five of the 12 diabetic rats, killed 62-66 days after the induction of diabetes showed a variety of ultrastructural changes in the walls of the muscular arteries ( Table 2 ). The endothelial cells had vesicles containing varying amounts of granular or homogen- (Fig. 1) . The inner elastic membrane was focally very thin or even ruptured (Fig. 2) , and in a few small areas it was intermingled with lipid-like droplets and thin fibres (Fig. 4) . Single platelets were seen in deeper parts of intima (Fig. 5, Table 2 ), where ground substance-like material was also found. Some inner medial cells, probably smooth muscle cells were necrotic (Fig. 6) .
The basement membrane of the medial smooth muscle cells of the same five diabetic cases was patchily thickened (Fig. 6) . The elastic arteries of the five diabetic rats described above had only a few vacuoles but did not have other changes. The other seven diabetic and the control rats did not have any ultrastructural changes in the muscular or elastic arteries (Fig. 3) . The thickness of the basement membrane of medial smooth muscle cells was not measured systematically, because the cutting of cells was often somewhat askew. Table 3 demonstrates plasma carbohydrate and lipid parameters, and the ratio of NEFA to albumin in plasma in the diabetic rats with and without arterial changes. The five diabetic animals with ultrastructural changes in the muscular arteries had significantly higher plasma NEFA (p <0.01), glucose (p <0.01) and total ketone body levels (p <0.01) than did the other seven diabetic rats without any arterial lesions. The molar ratio of NEFA to albumin in plasma ranged between 2.3-3.3 in the diabetic rats a The molar ratio of NEFA to albumin in plasma was 0.8 (range 0.6-1.1) in the control rats. The samples were taken in the fed state with arterial changes, 1.4"-1.8 in the diabetic animals without any changes and 0.6-1.1 in the control rats (Table 3) . The plasma triglyceride, total cholesterol and phospholipid concentrations did not differ significantly in the two diabetic subgroups, and no difference was seen in the degree of hypoinsulinaemia. No relation was found between the plasma glucose or total ketone body levels and the morphological changes in muscular arteries of the five diabetic animals described above. Some relation, however, was seen between the plasma NEFA concentrations and the lesions in muscular arteries of these rats (Table 2) . No correlation was found between plasma NEFA and total cholesterol, NEFA and phospholipids, or NEFA and triglyceride concentrations in the two diabetic subgroups, even though the connection between NEFA and triglycerides in the five rats with arterial changes may be suggestive (0.10>p>0.05).
Comparison of Plasma Changes with Morphological Findings
Discussion
In our previous studies lipid, mostly triglyceride accumulation was found in the medial smooth muscle cells of muscular arteries in short-term diabetic rats [7, 8] . The present findings in longer-term diabetic rat also show changes in the muscular arteries, but in addition to medial changes, lesions are now also found in the intima and inner elastic membrane. Endothelial and subendothelial lesions similar to these have been described in the rat after the oral administration of a large fatty acid load, and it has been suggested that metabolites of NEFA may partially accelerate atherosclerosis-like lesions in diabetes by increasing endothelial permeability [21] . The appearance of platelets in the inner parts of vascular wall (Fig. 5) may support the recent studies concerning the important role of the platelets in the pathogenesis of atherosclerosis in the early stages of the disorder [22] .
The arterial smooth muscle cells normally take somewhat more energy from oxidative phosphorylation than from glycolysis [23] . According to some authors an excess of NEFA inhibits mitochondrial oxidative metabolism [24, 25] . With increasing insulin deficiency, even glycolysis diminishes and glucose metabolism in cells is generally impaired. It is possible that during insulin deficiency the arterial wall is not able to compensate for the energy required, if oxidative phosphorylation is insufficient. In addition, insulin resistance has recently been found in diabetic ketoacidotic rats [26] .
The patchy basement membrane thickening of arterial medial smooth muscle cells, found in the present model (62~56 days) of experimental diabetes, has not been described in general atherosclerosis in man. However, more advanced glomerular epithelial lesions have been found in rats with long-term alloxan diabetes than in age-matched control animals [27] . On the other hand, normal rates of glomerular basement membrane synthesis have been described in the rats with streptozotocin diabetes [28] . Further studies are needed to clarify whether the thickening of basement membrane has some role in the acceleration of atherosclerosis in the diabetic state.
The injurious agent in this model of experimental diabetes in rats seems to be the excess NEFA in plasma. An increase of plasma NEFA values has also been described in rabbits with a high daily dose of cholesterol [29] . Other factors in the present study, such as the hyperketonaemia may also have contributed to the arterial lesions. It is concluded that the muscular arteries are more susceptible to atherosclerosis-like lesions than the elastic arteries in this experimental model of prolonged insulin deficiency. The significance of the high ratio of NEFA to albumin in plasma, found in the diabetic animals with arterial lesions, needs further exploration.
